Numerous studies of ambient ozone (O 3 ) in the Los Angeles (LA) area have found both increases and decreases in elevated O 3 levels on weekends, depending on location and year. Since the mid-1990s, average daily maximum O 3 levels have been higher on weekends than on weekdays throughout most of the area. We used the Comprehensive Air-Quality Model with extensions to investigate causes of weekday/weekend O 3 differences in the LA area for August 3-7, 1997, from the Southern California Ozone Study. Weekday/weekend emission changes were estimated, because explicit weekend inventories are not yet available from regulatory agencies. Changes to on-road motor vehicle (MV) emissions were derived from observed weekday/weekend traffic differences. The estimated changes in MV emissions of nitrogen oxides (NO x ) were a 5% increase on Friday, a 27% decrease on Saturday, and a 37% decrease on Sunday, relative to Monday-Thursday levels. The corresponding changes in MV volatile organic carbon (VOC) emissions were an 8% increase on Friday, an 8% decrease on Saturday, and a 15% decrease on Sunday. Modeling these MV emissions changes explained the observed weekend O 3 effect very well. Furthermore, changes to the mass of MV NO x emissions were the main contributor to O 3 differences rather than changes to the timing of MV emissions. Ozone increases on weekends were caused by NO x emission decreases, because O 3 formation is strongly VOC-limited throughout most of the LA area.
INTRODUCTION
Emissions of nitrogen oxides (NO x ) and volatile organic compounds (VOCs) from both manmade and natural sources react in the presence of sunlight to form groundlevel ozone (O 3 ). 1, 2 Because human activity patterns vary between weekdays and weekends, NO x and VOC emissions (and therefore O 3 concentrations) may be expected to vary over the course of the week. This provides an opportunity to study the effect of emission changes on O 3 levels in the real atmosphere and an opportunity to evaluate the ability of numerical models to reproduce an observable emissions-O 3 relationship. If the weekday/ weekend O 3 differences are large, they can influence compliance with O 3 air quality standards, in which case they should be considered in the design of O 3 control strategies.
Detailed studies of ambient O 3 in the Los Angeles (LA) basin [3] [4] [5] [6] [7] [8] have found both increases and decreases in O 3 levels on weekends compared with weekdays, depending on location and year. Since the mid-1990s, daily maximum O 3 levels were higher on weekends than on weekdays throughout the LA basin. This paper is one of a series considering recent weekday/weekend O 3 differences in the LA basin. Other papers detail the measured differences in pollutant concentrations 9 -11 and emission inventory IMPLICATIONS Weekday/weekend changes in emissions produce observable pollution impacts that should be used to test air quality models and evaluate emission inventories for both weekdays and weekends. There is a strong need to develop inventories that more accurately account for weekend changes in the mass and timing of all anthropogenic emissions. Modeling weekday/weekend episodes provides a good test of whether a photochemical model can predict the impact of future emission changes on O 3 . The fact that a modeling system with good performance also performed well in describing the weekday/weekend O 3 changes helps support the use of photochemical grid models in O 3 air quality planning. Reducing surface NO x emissions in areas where O 3 formation is strongly sensitive to VOC emissions increases O 3 .
changes 12 for the LA area on weekends. This study uses current numerical models for the LA region to test hypothetical causes of weekday/weekend differences using currently available information. The goal is to rigorously and quantitatively test weekend effect hypotheses in a 3-dimensional air quality model used to develop O 3 reduction strategies and air quality management plans.
Four hypothetical causes of the LA weekday/weekend O 3 differences are evaluated:
(1) NO x mass reduction.
Lower NO x emissions on weekends result in less NO x titration/inhibition of O 3 on weekends. Changes to emissions from on-road mobile sources (especially reductions in heavy-duty diesel truck traffic) are expected to be important in reducing weekend NO x emissions. 10, 12 Relationships between O 3 and NO x emissions depend on the sensitivity of O 3 formation to NO x and VOCs 1,2 as discussed later.
(2) NO x timing.
Changes to the timing of NO x emissions alter O 3 formation (e.g., the lack of morning/evening rush-hour commute on weekends). This hypothesis proposes that the same total mass of NO x emissions can produce different O 3 levels if the timing of the emissions is altered.
(3) Carryover. Recirculation of polluted air or overnight accumulation of emissions influences next-day O 3 formation and differs from weekdays to weekends. This hypothesis requires different emissions on weekdays and weekends but also says that multiple-day effects are important.
(4) Aerosols and photolysis. Lower weekend aerosol levels, especially soot, increase the amount of photolysis caused by solar radiation and increase O 3 formation on weekends.
These hypotheses were selected for evaluation based on their consideration by a working group hosted by the California Air Resources Board (CARB). 13 A fifth hypothesis that higher weekend emissions cause higher weekend O 3 was not investigated because there is no evidence to support higher weekend emissions from any significant emission categories. 12 Potential weekday/weekend emission changes from all source categories are considered in a companion paper, 12 and current information suggests that changes for on-road mobile source emissions are likely to be the most important weekend difference for LA.
METHODS

Modeling Period
Modeling was conducted for the August 3-7, 1997, Southern California Ozone Study (SCOS) episode. August 3 was a model "spin-up" day to reduce the influence of initial conditions. The August 4 -7, 1997, O 3 episode began with warm temperatures at the surface and aloft and weak pressure gradients directed offshore, opposing onshore sea breezes. Ozone concentrations were relatively low on August 4 in most locations, with the highest O 3 occurring inland in the mountains and passes. On August 5, temperatures increased, reaching 29°C at Los Angeles International Airport (LAX) and 49°C at Palm Springs. The offshore pressure gradient increased in intensity and the episode maximum O 3 concentration was 187 ppb at Riverside, consistent with continued weak onshore flow. By August 6, the offshore pressure gradients had weakened and inland temperatures cooled (43°C at Palm Springs). The maximum O 3 on August 6 occurred in the mountains at Crestline. On August 7, pressure gradients turned onshore and the onshore winds strengthened so that the highest O 3 concentrations occurred far inland. The meteorological patterns during the August 4 -7, 1997, period fit a typical pattern for LA O 3 episodes. High O 3 levels occurred because the period was relatively stagnant, tending to trap O 3 and precursors within the LA basin. There are several potential mechanisms for recirculating O 3 and precursors within this meteorological pattern, including wind reversals along the coast caused by land/sea breezes and the formation of pollution layers aloft caused by upslope flows and convergence zones.
Models
Photochemical O 3 modeling used version 3.01 of the Comprehensive Air-Quality Model with extensions (CAMx). 14 CAMx simulates the emission, dispersion, reaction, and removal of O 3 precursors and O 3 in an Eulerian (grid) framework. The modeling domain covered 65 ϫ 40, 5-km grid cells as shown in Figure 1 . This domain was selected to be consistent with past modeling for air quality management plans in the LA area. CAMx was run with 10 layers extending between a surface layer of 60 m and a model top at 4 km. Meteorological input data for CAMx were developed using the Penn State/National Center for Atmospheric Research Mesoscale Model, version 5 (MM5). 15 The MM5 is a nonhydrostatic, prognostic meteorological model that simulates atmospheric properties based on fundamental equations but also permits assimilation of observed data to nudge the simulated meteorological fields toward the data. MM5 was run with assimilation of SCOS measurement data assembled by the CARB (i.e., radar wind profiler upper-air data and surface site data) and Eta Data Analysis System data from the National Centers for Environmental Prediction. 16 The CAMx modeling grid was closely matched to the MM5 grid and, in particular, CAMx layer interfaces exactly matched MM5 layer interfaces to facilitate direct mapping of meteorological parameters from MM5 to CAMx.
The photochemistry of O 3 formation was simulated in CAMx using two different condensed chemical mechanisms: (1) the Carbon Bond 4 (CB4) mechanism 17 with updates for low-NO x conditions and isoprene reactions, 14 which contains 37 species and 96 reactions, and (2) the fixed stoichiometry version of the Statewide Air Pollution Research Center 1999 (SAPRC99) mechanism 18 with 74 species and 211 reactions. Two chemical mechanisms were used to investigate whether modeled weekend effects were sensitive to the representation of atmospheric chemistry. Rates for photolytic chemical reactions were calculated using the Tropospheric Visible Ultraviolet (TUV) model developed by the National Center for Atmospheric Research. 19, 20 TUV is an advanced radiation scattering model that can simulate the effects of light scattering by aerosols on photolysis rates, which is needed to evaluate one of the weekend effect hypotheses mentioned earlier.
Emissions
The 1997 emission inventory was provided by the CARB, 21 and emission totals for August 6, 1997, are summarized in Table 1 . Emissions from on-road motor vehicles (MVs) are estimated to account for approximately two-thirds of the anthropogenic NO x and one-half of the anthropogenic VOC emissions in this modeling domain. In California, VOC emissions are often characterized as reactive organic gases but, for clarity, the term VOC is used throughout this paper. This 1997 emission inventory was provided by CARB in July 2001 and is continually being updated. The MV emissions were based on the Emission Factor 2000 (EMFAC2000) model (version 2.02) 22 and transportation model activity data for a 1997 weekday. The CARB provided separate emissions files for light-and heavy-duty vehicles for each county in the Southern California Association of Governments (SCAG) area (Los Angeles, Orange, Riverside, San Bernardino, and Ventura Counties). Outside the SCAG area, light-and heavy-duty MV emissions were combined in a single emissions file. Within each MV emissions file, the emissions were resolved by pollutant type (VOC, NO x , carbon monoxide [CO]) and emissions mode (start, gasoline exhaust, diesel exhaust, several gasoline evaporative emissions modes). The resolution of various categories of MV emissions was used to represent weekday/weekend emissions differences, as discussed later. Mobile source emissions had some day-to-day variation because of temperature effects. The other anthropogenic emissions included nonroad mobile sources, area sources, and point sources. There were some day-to-day variations for shipping, aircraft emissions, and point sources. Wildfire emissions were included based on acreage burned and made significant contributions to emission totals on August 5-7, 1997, because of a wildfire in northern Ventura County. 
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However, this wildfire had little impact on O 3 levels in the LA basin because the emissions and subsequent O 3 formation occurred far from the basin. Biogenic VOC emissions were estimated using the Biogenic Emission Inventory Geographic Information System model 23 and varied between 361 and 494 t/day depending on the temperatures.
Model Performance
CAMx model performance was evaluated with the original emissions provided by the CARB and without any of the weekend adjustments described later. The period August 3-7, 1997, was a Sunday-Thursday. The first two days are considered model "spin-up" days and are not included in the performance evaluation. Model performance for O 3 was evaluated based on 1-hr O 3 data for 48 sites in the modeling domain. Modeled and observed precursor concentrations are compared later in this paper for both weekday and weekend conditions. Figure 2 compares time series of modeled O 3 with the CB4 and SAPRC99 mechanisms to observed O 3 at four monitoring locations marked in Figure 1 . The LA North Main St. site represents an area of high emissions density in the western LA basin. Upland and Riverside are in the eastern LA basin and experienced high O 3 levels during this period. Crestline is in the far eastern LA basin and is affected by O 3 transported east by daytime winds. Modeled O 3 levels are higher with the SAPRC99 mechanism than with CB4 at all four sites on all days. The simulated and observed times of O 3 peaks agree to within 2 hr at all four sites, and the O 3 levels are well represented using the CB4 but overestimated using the SAPRC99 mechanism.
The spatial distributions of daily maximum 1-hr O 3 levels on August 6, 1997, modeled with CB4 and SAPRC99 are compared with observed values at all monitoring sites in Figure 3 . Modeled O 3 levels were higher with SAPRC99 than with CB4 throughout the modeling domain. The observed O 3 peak on August 6 was 154 ppb at Crestline (Lake Gregory), and CAMx/CB4 predicted a maximum of 152 ppb at this location. The predicted peak was approximately 25 km to the southeast of Crestline and was 176 ppb with CB4 and 208 ppb with SAPRC99. High O 3 levels were also observed in the San Fernando Valley (near the border of LA and Ventura Counties) on this day, 134 ppb at Simi Valley and 132 ppb at Santa Clara, where CAMx/ CB4 predicted 145 ppb and 146 ppb, respectively. CAMx/ CB4 performed well in predicting the spatial distribution and magnitude of high O 3 levels on this day. CAMx/ SAPRC99 predicted a similar spatial distribution of high O 3 but overestimated O 3 levels.
Modeled O 3 levels were statistically evaluated using metrics recommended by the U.S. Environmental Protection Agency (EPA). As shown in Table 2 , the model with CAMx/CB4 meets the EPA goals on all episode days. The O 3 bias is positive on each day (ϩ5 to ϩ7%), which suggests a slight tendency toward overprediction but is well within EPA's Ϯ15% performance goal. However, the modeled episode peak (176 ppb) is still 6% lower than the observed episode peak (187 ppb). Because the SAPRC99 mechanism produced higher O 3 levels than CB4, only two of nine performance metrics met the EPA goals. No conclusions are made on the absolute accuracy or "correctness" of the CB4 and SAPRC99 mechanisms based on this one model application. The differences in O 3 levels between the CB4 and SAPRC99 mechanisms are likely within the range of uncertainty in other components of the modeling system. Nevertheless, the MM5/CAMx modeling system with the CB4 chemical mechanism performed very well in simulating the O 3 levels observed during the August 3-7, 1997, SCOS episode. Hence, most of the O 3 modeling used the CB4 chemical mechanism, but the SAPRC99 mechanism was used to investigate sensitivity to changes in the representation of the chemistry.
The emission inventory (Table 1) includes emissions from a wildfire in northern Ventura County. The emissions attributed to this fire caused significant O 3 production as seen in the O 3 isopleth plots in Figure 3 . The wildfire emissions cause the isolated area of high O 3 closest to the top left corner of the modeling domain, and modeled O 3 levels exceed 150 ppb with SAPRC99 and 110 ppb with CB4. However, these emissions are isolated from the LA basin and have no impact on the evaluation of weekday/weekend O 3 differences, which is the main focus of this paper.
Weekday/Weekend Adjustments to MV
Emissions The emission inventory provided by the CARB was used for the model performance evaluation because it is the best estimate of the actual emissions for SundayThursday, August 3-7, 1997. However, for investigating weekend effects, we assumed that the modeled days corresponded to a Thursday-Monday, allowing us to evaluate impacts throughout a weekend period. It is reasonable to reassign the days of the week because only the emissions depend on the day of week. This experimental design placed the main days of interest (the weekend) at the heart of the modeling period when the meteorology was most conducive to O 3 formation. So, for example, the effect of Sunday emissions changes was evaluated by comparing two model runs, one where August 6 had weekday emissions and another where August 6 had Sunday emissions.
The MV emission inventories provided by the CARB had slight differences between days because of ambient temperature differences. To eliminate these small differences from the weekday/weekend emission scenarios, the August 6 on-road inventory was the foundation for all MV emissions used in the scenarios. Two types of adjustments were developed to account for changes in (1) daily total emissions, and (2) hourly distribution of emissions. Independent adjustments were developed so that effects could be examined separately and together. The adjustment factors were based on the freeway vehicle count data described by Chinkin et al. 12 The underlying assumption is that vehicle traffic counts are a reasonable surrogate for temporal changes in vehicle emissions either by hour or by day. This assumption was tested by comparing the hourly profile of vehicle counts with the hourly profile of MV emissions in the August 6 inventory, and reasonable agreement was found. Freeway vehicle counts were used to adjust emissions from both freeways and surface streets because representative surface street data are not available. Separate adjustment factors were developed for light-and heavy-duty vehicles because the vehicle count data showed significant differences between these vehicle types.
Day-of-week adjustments were based on ratios of total daily vehicle counts. For light-duty vehicles, the data for Monday-Thursday were indistinguishable and were averaged to represent a typical weekday, which differed from Friday, Saturday, and Sunday. For heavy-duty vehicles, the data for Monday-Friday were indistinguishable and were averaged to estimate a typical weekday, which differed from Saturday and Sunday. Vehicle count ratios were used to scale the different categories of MV emissions as follows. For emissions related to vehicle operation (exhaust, start, hot soak, and running loss emissions), the emissions adjustment was directly proportional to the vehicle count ratio. Resting loss emissions, which are related to vehicle off-time, were assumed to remain constant for all days of the week because vehicle off-time does not vary significantly from day to day. Diurnal emissions occur when a vehicle is not operated and ambient temperatures are rising. The daily adjustment for diurnal emissions was inversely proportional to the total activity occurring during the temperature rise period of the dayassumed to be 6:00 a.m.-2:00 p.m. For example, if there were 20% less traffic counts from 6:00 a.m. to 2:00 p.m. (a factor of 0.8), then diurnal emissions were raised by a factor of 1/0.8 or 25%. This accounts for operation during the temperature rise period, which purges the vehicle canister and reduces the amount of diurnal emissions. The day-of-week adjustments for various emission modes are shown in Table 3 . The MV emissions for each day that resulted from these adjustments are compared in Table 4 . The domain-wide changes in MV NO x emissions were a 5% increase on Friday, a 27% decrease on Saturday, and a 37% decrease on Sunday. For VOCs, the domain-wide changes in MV emissions were an 8% increase on Friday, an 8% decrease on Saturday, and a 15% decrease on Sunday.
Hour-of-day emission profiles were varied by day of week as follows. For emissions related to vehicle operation (exhaust, start, hot soak, and running loss emissions), the emissions in each hour were directly proportional to vehicle counts. The hourly distributions are compared in Figure 4 . For resting loss and diurnal emissions, the hourly distribution of emissions is related to hourly temperature characteristics, which are unaffected by vehicle activity, and the hourly variation from the August 6 emission inventory was used for all days of the week.
RESULTS
Mass and Timing of MV Emissions
The paper by Fujita et al. 10 analyzed weekday/weekend differences in O 3 and precursors at Azusa ( Figure 5 ) by averaging data from the summer of 1995. Data for Saturday and Sunday were combined into a single weekend day, and CO was used as a surrogate for VOC because daily VOC data were unavailable. The Azusa ambient data typify the weekday/weekend differences observed at sites in the mid-LA basin and provide a robust database for hypothesis testing. A comparable analysis of model results in Figure 6 was prepared by averaging concentrations from the Azusa grid cell for August 5 and 6. The modeled weekday is the average of August 5 and 6 with weekday MV emissions, and the modeled weekend is the average of August 5 and 6 with weekend MV emissions for Friday, Saturday, and Sunday. The 1995 ambient data are compared to model results for 1997, but this is not expected to introduce a large bias because there were not large changes in emissions between 1995 and 1997. The observed ( Figure 5 ) and modeled ( Figure 6 ) concentrations for O 3 and precursors at Azusa are similar in magnitude and show very similar weekday/weekend differences. Ozone "accumulation" starts earlier, proceeds faster, and reaches a higher midday peak on weekends than on weekdays. These results are consistent with NO x inhibition affecting the O 3 formation. There are two reactions involved in NO x inhibition. First, NO directly removes O 3 by the titration reaction NO ϩ O 3 3 NO 2 ϩ O 2 . Consequently, if NO emissions are reduced, less O 3 is destroyed by this titration reaction and O 3 concentrations are higher. Second, the NO 2 formed from the O 3 titration removes radicals by the reaction NO 2 ϩ OH 3 HNO 3 . If NO x emissions are reduced, the NO 2 concentration is lower, the radical concentration is higher, and formation of new O 3 proceeds faster. Figures 5 and 6 show that O 3 accumulation starts after a morning period (approximately 6:00 a.m.-9:00 a.m.) of high NO x levels. Both NO and NO 2 are lower on the weekend in this morning period, and the earlier/faster accumulation of weekend O 3 is consistent with less NO x inhibition of O 3 on the weekend. In the absence of hourly VOC data, Fujita et al. 10 used CO as a surrogate for VOC levels at Azusa as shown in Figure 5 . This introduces some uncertainty because VOC and CO have somewhat different emissions sources (see Table 1 ). Morning CO levels after 7:00 a.m. (see Figure 5 ) are lower on the weekend and so, using CO as a surrogate for VOC, the faster weekend O 3 formation is not caused by higher weekend morning VOC levels. The modeled morning VOC levels after 7:00 a.m. (see Figure 6 ) are also lower on the weekend, in agreement with the ambient CO data. However, the VOC/NO x ratio is higher on weekend than weekday mornings, which is again consistent with the higher weekend O 3 levels being caused by reduced NO x inhibition.
The spatial distribution of changes in daily maximum O 3 resulting from the MV emissions mass/timing change is shown in Figure 7 for Saturday and Sunday. This figure shows the impact of changing the MV emissions on Friday, Saturday, and Sunday. There are increases in modeled maximum O 3 across much of the LA basin, and decreases in maximum O 3 in surrounding areas. The largest O 3 increases are in the mid-basin close to areas of high base case O 3 , with the increases tending to be on the upwind (coastal) side of the highest base case O 3 levels. Decreases in maximum O 3 tend to be toward the downwind (inland) side of highest O 3 areas. This pattern is present on both Saturday and Sunday, although larger O 3 differences occur on Sunday, and is consistent with lower mass of MV NO x emissions on the weekend reducing the NO x inhibition of O 3 formation in the upwind (coastal) and central basin areas. This results in higher O 3 in the mid-basin areas. Several factors likely contribute to the lower weekend O 3 in downwind (inland) areas, including the upwind shift in O 3 peaks caused by reduced NO x inhibition, and reduced O 3 production in the downwind areas in response to lower MV emissions. These effects can also be described in terms of the upwind areas being VOC-sensitive (and therefore showing O 3 increases caused by NO x reduction) and the downwind areas being NO x -sensitive (and therefore showing O 3 decreases caused by NO x reduction).
Comparing the spatial patterns in modeled and observed weekday/weekend O 3 differences provides another powerful test of the model system and the weekend emission changes. Figure 8 compares modeled and observed weekday/weekend O 3 differences at six sites spanning the LA basin from west (upwind) to east (downwind). The observed data are the average maximum Sunday and Wednesday O 3 levels for the summers of 1994 -1996, whereas the modeled data are the maximum O 3 levels for August 6 modeled with weekend and weekday emissions. (August 6 from the weekday model run is considered comparable to a Wednesday because August 4 -6 were modeled with weekday emissions as if they were Monday-Wednesday.) The observed Sunday effect in 1994 -1996 was an increase in O 3 at all sites from West LA to Crestline, with the largest increases at the mid-basin sites Azusa and Upland. The modeled Sunday effect (using the CB4 mechanism) also shows an increase in O 3 at all sites, with the largest increases at the mid-basin sites. The absolute O 3 levels average approximately 30 ppb higher in the CB4 model results than the observed data because the modeling period is for one very high O 3 event, whereas the observed data are the average over a wide variety of summer meteorological conditions.
Chemical Mechanism Uncertainty
The modeling experiments described earlier, in which the mass and timing of MV emissions were changed, showed that the observed weekend effect for the mid-1990s is well-explained by lower weekend MV NO x emissions. The model response to NO x reduction is closely related to certain aspects of the chemical mechanism and might be influenced by uncertainties in the mechanism. Certain basic attributes of O 3 -NO x -VOC chemistry are well established, 1,2 namely (1) the existence of VOC-and NO xlimited regimes; (2) titration of O 3 by fresh NO emissions; and (3) NO x inhibition of O 3 formation in strongly VOClimited regimes. All these photochemical effects are important to the model response shown in Figures 6 -8 .
Sensitivity to the chemical mechanism was investigated by using the SAPRC99 mechanism 18 rather than CB4. The CB4 mechanism was developed in the late 1980s 17 and has a long history of application in O 3 modeling studies. There have been updates to the mechanism in the PAN chemistry, radical termination reactions, and isoprene chemistry. 14 Some parts of the mechanism are outdated in light of more recent data on reaction rates and mechanisms, but it is difficult to assess how these uncertainties affect the overall performance of the mechanism without updating the mechanism and repeating the evaluation against smog chamber data. The SAPRC99 mechanism provides an alternative to CB4 that accounts for more recent experimental data, includes more species and a larger number of reactions, uses a different approach to condensing VOCs, and also has been evaluated against smog chamber data. SAPRC99 has been used much less extensively than CB4 for O 3 modeling studies to date. As discussed in the model performance evaluation, SAPRC99 produced higher O 3 levels than CB4, which might be associated with altered sensitivities to NO x and VOC emissions.
The SAPRC99 mechanism was used to evaluate the impact of changing the mass and timing of MV emissions on Saturday and Sunday. The weekday/weekend relationships between precursors and O 3 at Azusa were very similar to those for the CB4 mechanism shown in Figure 6 and are not shown. The spatial distribution of Wednesday-Sunday O 3 differences using SAPRC99 is compared with observed data and the CB4 results in Figure 8 . SAPRC99 produced higher O 3 levels than CB4 as in the model performance evaluation (see Figures 2 and 3) . The spatial distribution of Sunday O 3 differences is similar between SAPRC99 and CB4, with both mechanisms showing the largest Sunday O 3 increases for mid-basin sites Azusa and Upland. SAPRC99 produced a smaller (almost 0) Sunday O 3 increase than CB4 at the downwind sites Riverside and Crestline, in poorer agreement with the observed differences. As with the SAPRC99 model performance, discussed earlier, this is not interpreted as any indication of problems in the SAPRC99 mechanism. However, the model with better performance (CAMx/CB4) also performed better in describing the weekday/weekend O 3 difference.
Relative Importance of Mass and Timing Change for MV Emissions
The weekend effect hypotheses presented in the introduction allowed for the possibility that changes in the mass and timing of MV emissions both could be important to weekday/weekend O 3 differences. The relative importance of each factor was investigated by separately changing the mass and timing of MV emissions on Saturday and Sunday, using the CB4 mechanism. Figure 9 shows the O 3 concentrations at Azusa on August 5 and 6 (Saturday and Sunday) for the following four MV emissions scenarios: (1) weekday mass and timing; (2) weekday mass and weekend timing; (3) weekend mass and weekday timing; (4) weekend mass and timing. The O 3 concentrations fall into two groups, with scenarios 1 and 2 lower than scenarios 3 and 4. This shows that changing the mass of MV emissions has a much larger impact than changing the timing of MV emissions at Azusa. This finding also applied to the rest of the LA basin. The timing effect is very small on Saturday but larger on Sunday (though still smaller than the Sunday mass effect). The relatively larger impact of the timing change on Sunday than Saturday is explained by the temporal profiles of vehicle activity shown in Figure 4 . The Sunday temporal profile for heavyduty vehicle activity is very different from all other activity profiles, with the peak activity occurring late on Sunday night. This delays a large fraction of the Sunday heavy-duty vehicle emissions (which have a high NO x / VOC ratio) until after the time of the Sunday O 3 maximum.
Carryover
Our modeling shows that weekday/weekend emissions changes can cause substantial O 3 differences, so carryover of precursors or O 3 could propagate effects across days. For example, it might be hypothesized that weekend O 3 differences are largest on Sunday because of a buildup of effects from Saturday and even Friday. Grid modeling is a powerful tool for investigating the importance of carryover because spatial/temporal source-receptor relationships are calculated quantitatively within the air quality model and can be revealed by sensitivity tests.
The impacts of combined Friday/Saturday/Sunday MV emissions changes were shown in Figures 6 -9 . Two additional experiments revealed the contribution of carryover to the O 3 impacts on each day: (1) changing MV emissions on Saturday and Sunday; and (2) changing only Sunday MV emissions. Figure 10 shows the change in O 3 levels relative to the weekday base case for each experiment at Azusa. (This figure shows O 3 differences so that small effects are visible.) On Friday, changing Friday MV emissions leads to small decreases in O 3 . On Saturday, the MV emissions changes increase O 3 , and the effect is very similar regardless of whether just Saturday emissions are changed or Friday/Saturday emissions are changed. This shows that the Saturday O 3 effect at Azusa is dominated by the same-day emissions change and that there is little carryover of the Friday changes. On Sunday, the MV emissions changes increase O 3 even more than for Saturday, and the effect is very similar regardless of whether just Sunday emissions were changed or emissions were also changed on the preceding days. This shows that the Sunday O 3 effect at Azusa is dominated by the same-day emissions changes, that there is little carryover of the Saturday changes to Sunday, and there is negligible carryover of the Friday changes to Sunday. Figure 10 also shows that there is little carryover of effects from Sunday to Monday.
To generalize from Figure 10 , these experiments show that O 3 impacts caused by carryover from the previous day are small relative to same-day impacts and that carryover from two days previous is negligible. This suggests strongly that carryover is not an important factor in the LA weekend effect. This finding encompasses all potential mechanisms for carryover of MV emissions changes, surface and aloft, O 3 and precursors, because the experiment design includes all potential mechanisms. This result for MV emissions changes is likely to be a good indicator that carryover is generally less important than same-day effects, because the MV emissions changes affected a large emissions category with a widespread distribution of emissions. The August 3-7, 1997, episode is expected to have been relatively conducive to recirculation and carryover, as discussed previously, but modeling for additional episode periods is needed to extend the conclusion that carryover effects are not an important factor in the LA weekend effect.
Aerosols and Photolysis
Changes to the atmospheric aerosol burden between weekdays and weekends have been proposed as a potential cause of the weekend effect. 13 The proposed mechanism is that decreases in the amount of aerosol on weekends increase the rates of photolytic reactions and thereby increase O 3 . The relationship between aerosols and photolysis rates is complex because aerosols can absorb radiation and attenuate photolysis rates (particularly black carbon particles), but aerosols also scatter radiation, which can increase or decrease photolysis rates depending upon solar zenith angle, height above ground, and other factors. Data on aerosol loading were collected during the summer of 1997 as part of the SCOS field study and documented in a report to the CARB. 24 The optical depth (OD) caused by aerosols in the UV ( ϭ 340 nm) at Riverside in the summer of 1997 was in the range 0.2-1, but there is insufficient information to characterize weekday/weekend differences. As a sensitivity test to evaluate whether aerosol effects could explain the observed weekend effect, the aerosol OD was changed from 1 (nominally a weekday) to 0.2 (nominally a weekend) on August 5 and 6. The effects on CAMx photolysis rates were modeled using the TUV model, 19, 20 an advanced radiation scattering model that accounts for the effects of lightscattering and absorption by aerosols.
The impact of changing the aerosol OD on O 3 and precursors at Azusa is shown in Figure 11 in a comparable format to the observed weekend effect for Azusa shown in Figure 5 . Comparing Figures 5 and 11 shows that the aerosol change produces the wrong diurnal pattern of O 3 changes (no change at midday, small weekend increases in the morning and afternoon) and the wrong changes in precursor concentrations (almost no changes). The spatial distribution of O 3 impacts caused by the aerosol change also was inconsistent with observed weekday/weekend O 3 differences (not shown). The results of this sensitivity test are inconsistent with changes to the total amount of aerosols being the main cause of the weekend O 3 effect.
CONCLUSIONS
Photochemical modeling experiments provided clear answers on whether the four hypotheses listed in the introduction can explain the observed weekday/weekend O 3 differences in the LA area in the mid-1990s. Changes in the amount of aerosol and photolysis rates result in O 3 / precursor concentration changes that are inconsistent with the observed effects. Carryover of precursors or O 3 is not an important factor in relationships between precursor emission changes and O 3 changes. In other words, the weekend O 3 effect is primarily a "same-day" phenomenon for the LA area.
Changes to on-road MV emissions derived from observed weekday/weekend traffic differences explain the weekend O 3 effect very well. Furthermore, changes to the mass of MV emissions are the main contributor to O 3 differences rather than changes to the timing of MV emissions. The weekend changes in MV emissions explain both the relationships between O 3 and precursors and the spatial distribution of O 3 changes in the LA basin.
The relationships between precursor (VOC and NO x ) and O 3 changes on weekends and the spatial distribution of O 3 differences both show that reducing NO x emissions is the principal cause of the weekend O 3 effect in the LA area. This conclusion is fully consistent with the current understanding of atmospheric chemistry for a "VOC-limited" condition. 1, 2 The modeled effects of weekend emission changes were robust against changing the chemical mechanism from CB4 to SAPRC99, indicating that uncertainties in chemical mechanisms do not change the conclusions about the causes of the weekend effect.
Based on these findings, it is concluded that changes to the mass of MV emissions are the primary cause of the weekend O 3 effect in the LA area. Weekend changes in other categories of emissions could also contribute to O 3 differences if they produce directionally similar emission changes, that is, reductions in NO x . However, the weekday emission inventory for 1997 from CARB (see Table 1 ) shows that MV NO x emissions are larger than all other NO x sources combined, so MV emissions probably dominate the weekend effect.
With the emission inventory and weekend adjustments used, the MV NO x emission reductions on weekends were dominated by reductions in heavy-duty vehicle traffic. The contribution of heavy-duty vehicles to the total reduction in NO x emissions was 200 of 301 t/day (67%) on Saturday and 234 of 414 t/day (56%) on Sunday. The percent contribution of heavy-duty vehicles to the total NO x reduction is slightly less on Sunday (56%) than on Saturday (67%) because there is a greater reduction in light-duty vehicle NO x on Sunday than on Saturday. Heavy-duty vehicle NO x emissions were mostly (79%) from diesel-powered trucks. These percentages are based on use of the EMFAC2000 emission factor model and freeway vehicle counts to derive weekday/weekend emissions differences.
Because O 3 levels in LA on weekends are often higher than on weekdays, 10 weekend episodes should be modeled when developing strategies to control O 3 . However, there are currently no emission inventories for weekends that are comparable in detail to those for weekdays. In this work, approximate weekend emissions adjustments have been developed, but there is a strong need to develop inventories that more accurately account for weekend changes in the mass and timing of all anthropogenic emissions. Another important need is to conduct weekday/weekend O 3 modeling for additional meteorological episodes beyond the episode studied in this work. Because there are substantial changes in emissions from weekdays to weekends, modeling weekday/weekend episodes provides a good test of whether a photochemical modeling system can predict the impact of future emission changes on O 3 . The fact that a modeling system with good performance also performed well in describing the weekday/ weekend O 3 changes helps support the use of photochemical grid models in O 3 air quality planning.
